INTRODUCTION {#sec1-1}
============

The immediate challenge for dentists is not only to be better able to address the questions that their patients have concerning stem cell-based therapy, but also to familiarize themselves with the spectrum of tools they may have in the near future to restore form and function of the tooth and -tooth-supporting structures effectively. Stem cells are not science fiction, but something that one day will become a part of each dentist\'s clinical practice. This article reviews what one should know about the about classification of stem cells, how they differ in their biological activity -- dental stem cells osteogenic potential and results of clinical pilot studies using dental stem cells for bone repair-tissue engineering using dental stem cells-future challenges, future trends, and importance of dental surgeons role.

STEM CELLS {#sec1-2}
==========

Stem cells are often called 'master cells' because they are a class of undifferentiated cells that are able to differentiate into specialized cell type. A stem cell "self-renews"-that is, when a stem cell is called into action, it undergoes cell division. One daughter cell remains a stem cell, while the other becomes more committed to forming a particular cell type (a "committed progenitor") by a process called "asymmetric cell division".\[[@ref1]\] There are different types of stem cell along with different expectations of their biological activity.\[[@ref2]\]

To be classified as a stem cell, a cell must satisfy three main criteria:\[[@ref3]\]

It is not terminally differentiated: The cell is not committed to differentiate into a single cell typeIt can divide without limitIt can renew the stem cell pool: During cell division each daughter cell can choose whether to commit to differentiation into single cell type o remain as a stem cell

Potency {#sec2-1}
-------

Stem cells are categorized by their potential to differentiate into other types of cells.\[[@ref1]\] Embryonic stem cells are the most potent since they must become every type of cell in the body.

Totipotent - the ability to differentiate into all possible cell types. Examples are the fertilized egg, capable of independently giving rise to all embryonic and extra-embryonic tissuesPluripotent - the ability to differentiate into almost all cell types. Examples include the inner cell mass of blastocyst in the developing zygote and embryonic stem cells in culture, capable of giving rise to all embryonic cells and tissuesMultipotent - the ability to differentiate into a closely related family of cells. Examples include cells that are derived from the three embryonic germ layers (ectoderm, mesoderm and endoderm) that become more and more committed to generating particular cells as organs and tissues are formedOligopotent - the ability to differentiate into a few cells. Examples include (adult) lymphoid or myeloid stem cellsUnipotent - the ability to only produce cells of their own type, but have the property of self-renewal required to be labelled a stem cell. Examples include (adult) muscle stem cells

Embryonic stem cells are considered pluripotent instead of totipotent because they do not have the ability to become part of the extra-embryonic membranes or the placenta.

Plasticity {#sec2-2}
----------

Plasticicity is the ability of a stem cell isolated from one tissue to "convert" to cells found in a different tissue, and sometimes even into cell types that originated from a completely different embryonic germ layer.\[[@ref1]\] "Plasticity" have generated a great deal of enthusiasm as adult stem cell plasticity would fulfill the tissue engineer\'s dream of isolating stem cells from easily accessible sources like teeth, fat for regeneration of many different tissues by reprogramming the genes, a phenomenon called "Transdifferentiation" (e.g.,iPSC ).

Sources of stem cells {#sec2-3}
---------------------

Commonly, stem cells come from two main sources:

Embryos formed during the blastocyst phase of embryological development (embryonic stem cells); andAdult tissue (adult stem cells).

### Embryonic stem cells {#sec3-1}

Embryonic stem cells are derived from a four- or five-day-old human embryo that is in the blastocyst phase of development. The blastocyst consists of an inner cell mass (embryoblast) and an outer cell mass (trophoblast). This latter mass is the source of embryonic stem cells - totipotent cells (cells with total potential to develop into any cell in the body). Embryonic stem cells are able to differentiate into more cell types than adult stem cells, over 220 types of cells in the human adult body. Embryonic stem cells can be grown relatively easily in culture than adult stem cells \[[Figure 1](#F1){ref-type="fig"}\]. Embryonic stem cell research has triggered enormous debate due to the destruction of an embryo following cell extraction.
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Umbilical cord blood stem cells are stem cells collected from the umbilical cord at birth that can produce all of the blood cells in the body (hematopoietic). Cord blood is currently used to treat patients who have undergone chemotherapy to destroy their bone marrow due to cancer or other blood-related.

### Adult stem cells {#sec3-2}

Adult or somatic stem cells exist throughout the body after embryonic development and are found inside of different types of tissue. These stem cells have been found in tissues such as the brain, bone marrow, blood, blood vessels, skeletal muscles, teeth, heart, gut, skin, liver, ovarian epithelium, and testes. They remain in a quiescent or non-dividing state for years until activated by disease or tissue injury.

Unfortunately, adult stem cells are present in miniscule quantities and this can present difficulty for identifying and isolating them in numbers great enough to use therapeutically. Because adult stem cells aren′t as 'young' as embryonic stem cells, they contain more DNA abnormalities acquired with age. These can be caused by the environment, toxins or errors in DNA replication.

\[[Table 1](#T1){ref-type="table"}\] summarizes the differences between embryonic and adult stem cells.

###### 

The differences between embryonic and adult stem cells
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### Mesenchymal stem cells {#sec3-3}

The history of research on adult stem cells began about 60 years ago when researchers discovered that the bone marrow contains at least two kinds of stem cells. One population, called hematopoietic stem cells, forms all the types of blood cells in the body. A second population, non-hematopoietic stem cells make up a small proportion of the stromal cell population in the bone marrow, and can generate bone, cartilage, fat, cells that support the formation of blood, and fibrous connective tissue (also called, or skeletal stem cells by some) were discovered a few years later. Owen and Friedenstein\[[@ref4]\] called these cells "bone marrow stromal stem cells" (BMSCs) later Caplan\[[@ref5]\] coined the term "mesenchymal stem cells" and some others\[[@ref6][@ref7]\] have chosen the term "skeletal stem cells" (SSCs) based on their ability to recreate all cell types associated with skeletal tissue.

Investigators have reported that mesenchymal stem cells (SSCs) like other adult stem cells, exhibit plasticity and are able to differentiate into cell types in addition to skeletal cells, such as muscle cells, nerve cells, cardiomyocytes.\[[@ref8][@ref9]\] Studies have shown that MSCs can differentiate into cells normally associated with the ectoderm and endoderm, such as neurons and muscle cells, respectively\[[@ref10]\]\[[Figure 2](#F2){ref-type="fig"}\].
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### Dental stem cells {#sec3-4}

There are five recognized dental stem cell populations. Because of their ability to differentiate into bone and other periodontal tissues, dental stem cells have received much attention from both researchers and clinicians. Mesenchymal stem cells have isolated and characterized from dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), the remnant pulp of deciduous teeth stem cells from human exfoliated deciduous teeth (SHED), dental follicle stem cells (DFSCs), and stem cells from apical papilla (SCAP). The dental stem cells are usually obtained from deciduous teeth, wisdom teeth, and therapeutically extracted teeth.

Dental stem cells and their osteogenic potential {#sec2-4}
------------------------------------------------

All five dental stem cell populations demonstrate the ability to undergo osteogenic differentiation *in vitro* and *in vivo*.\[[@ref10]\] To initiate bone formation *in vitro*, dental stem cells are stimulated with chemicals such as ascorbic acid, dexamethasone and β-glycerophosphate which promote osteogenic differentiation and mineralization.\[[@ref11]\] A widely used model which assesses bone formation *in vivo* is the immunocompromised mouse.\[[@ref12]\] Immunocompromised mice lack the ability to raise an immune response to foreign transplanted cells allowing the cells to differentiate unchallenged.\[[@ref12]\] Isolated stem cells are ectopically transplanted into immunocompromised mice and differentiate into mineralized tissue over time.\[[@ref13]\]

DPSCs express genes associate with bone formation *in vitro* such as alkaline phosphatase (ALP), osteocalcin (OC), osteonectin (ON), and bone sialoprotein (SBP), in addition to producing mineral matrix (as judged by positive staining for Alizarin Red).\[[@ref14]\] Histological analysis of DPSCs transplanted into immunocompromised mice revealed the formation of lamellar bone tissue and cells which stained positive for ALP, eight weeks following transplantation.\[[@ref15]\]

Much like DPSCs, PDLSCs can be induced to express an osteoblast-like phenotype *in vitro*, as assessed by calcium accumulation, appearance of mineralized nodules and increased transcription of genes for ALP, BSP, and OC.\[[@ref16]\] *In vivo* transplanted PDSSCs have been shown to generate tissue with striking similarity to both cementum and periodontal ligament.\[[@ref16]\] Histological analysis of transplanted PDLSCs demonstrated the presence of cementum interspersed with collagen fibers, reminiscent of sharpey\'s fibers.\[[@ref16]\]

SHED cells undergo osteogenic differentiation *in vitro*, as judged by expression of bone markers such a core-binding factor α-1 (CBFA1), ALP and BSP, and positive staining for Alizarin Red.\[[@ref17]\] Following transplantation of SHEd cells into an immunocompromised mouse, muira *et al*. observed that SHED cells induced surrounding recipient tissue to generate bone. Interestingly, the authors noted that the transplanted SHED cells did not undergo osteogenesis directly.\[[@ref17]\]

*In vitro*, SCAP cells can be stimulated to form mineralized tissue, however, induced SCAP cells also express dentin sialoprotein (DSP): A protein which is involved in dentine synthesis.\[[@ref18]\] Similarly, *in vivo* transplantation of human SCAP into immunocompromised mice resulted in the generation of odontoblasts capable of depositing new dentine.\[[@ref18][@ref19]\] These results suggest that although SCAP can display certain osteogenic characteristics, they preferentially differentiate into dentine producing cells, reminiscent of odontoblast like cells.

Consistent with other dental stem cell types, DFPCs undergo osteogenic differentiation *in vitro*, when cultured under defined conditions.\[[@ref20][@ref21]\] Bovine DFPCs transplanted into immunocompromised mice resulted in the generation of cementum like fibrous tissue.\[[@ref22]\] In contrast, human DFPCs transplanted by the same method demonstrated no apparent mineralization, although the expression of osteogenic genes such as BSP and OC was elevated.\[[@ref23]\]

Bone repair using dental stem cells {#sec2-5}
-----------------------------------

Materials currently used for repair of bone defect following periodontal surgery, trauma or maxillofacial surgery include autogenous bone, deproteinized xenograft, alloplastic bone substitutes. Dental stem cells are currently under investigation as a strategy for repairing defects in mandibular bone. Both pre clinical and clinical studies have revealed that dental stem cells have the ability to generate new bone and restore periodontal tissue.\[[@ref24]--[@ref27]\] These studies in which autologous dental stem cells have been grafted into mandibular defects have produced encouraging results. The ability of stem cells to differentiate into a variety of tissue types, such as vasculature and nerve, may enhance the viability of stem-cell-containing bone grafts resulting in a stronger bone foundation.\[[@ref28]\]

In a study by kim *et al*.\[[@ref24]\] autologous bone marrow stem cells (MBSCs) and PDLSCs were compared for their ability to regenerate bone in a canine peri-implant defect model. Mandibular defects were created in beagle dogs and grafted with a hydroxyapatite/β-tricalcium phosphate (HA/TCP) carrier containing either MBSCs or PDLSCs. Histological measurement of the mandible at eight-week post-surgery demonstrated a significant increase in new bone formation in defects treated with BMsCs and PDLSCs compared to control. At 16-week post-surgery defects treated with BMSCs, but not PDLSCs showed a significant increase in new bone compared to control. Parameters such as defects height and defect area showed no significant difference between stem-cell treated and control defects at the indicated time-pointed. Porcine SHED cells have been assessed for their ability to regenerate a mandibular defect in swine.\[[@ref25]\] An experimental defect was created in the parasymphaseal area of the mandible and grafted with autologous porcine deciduous stem cells seeded into a TCP carrier. Histological assessment of sections from engrafted mandibles at six months post surgery revealed that defects treated with porcine deciduous stem cells showed a significant increase in ossification compared with TCP carrier alone.\[[@ref25]\]

In a clinical study, d'Aquino *et al*.,\[[@ref26]\] investigated the use of autologous DPSCs for the treatment of an alveolar bone defect following wisdom tooth extraction. DPSCs were isolated form patients maxillary molars and expanded *ex vivo* before seeding into a collagen scaffold. Patients treated with autologous DPSCs showed consistently enhanced regeneration of the bone defect as judged by gain of vertical bone height compared with patients treated with the collagen scaffold alone.

A recent clinical case study by Feng *et al*.,\[[@ref27]\] indicated that autologous human progenitor cells form periodontal ligament may enhance tissue regeneration in patients with periodontitis. Three male patients with periodontitis were treated with autologous periodontal ligament progenitor cells (PDLPs) seeded onto Calcitite^R^ 4060-2 bone grafting material at the periodontal defect site. Patients' assessment at 32 months following PDLP implantation and demonstrated decreased tooth movement and probing depth at the treatment site, in addition to improvement of attachment gain, compared with pre-treatment conditions.

Tissue engineering using dental stem cells {#sec2-6}
------------------------------------------

"Tissue Engineering" is the general term for a number of ways by which tissue lost as a result of trauma and disease might be restored.\[[@ref29]\]

It requires the three key elements to combine together to form the basic framework for the formation of engineered tooth tissues \[[Figure 2](#F2){ref-type="fig"}\].

Progenitor/stem cells;Inductive morphogenetic signals\[[@ref30][@ref31]\] in an environment conductive to regeneration of a vital and functional tissue and/or organ; andAn extracellular matrix scaffold (which can be synthetic).

It has been tried to regenerate and/or engineer tooth tissues like enamel, dentine- pulp complex, and periodontal ligament by using different strategies of tissue engineering like guided tissue regeneration, stem cell therapy,\[[@ref32]\] gene therepy,\[[@ref33]\] injectable scaffolds, nano engineering either alone or in combination technologies. Dental tissue engineering using dental stem cells have recently shown promising results for novel approaches to treat diseases like periodontitis, dental caries or to improve dental pulp healing and the regeneration of teeth\[[@ref34]\] and craniofacial bone by favoring alveolar ridge augmentation procedures\[[@ref35]\] and methods to generate vascularized bone grafts.\[[@ref36]\]

Future challenges, future trends and 21^st^ century dentistry {#sec2-7}
-------------------------------------------------------------

The prime challenge for researchers is to solve the mystery about the precise mechanism responsible for cell growth and differentiation and to find ways to control stem cell differentiation. Once the modus operandi is established with control, scientists can more easily grow cells and tissues for specific functions.\[[@ref37]\]The complete predictable regeneration of periodontal tissue, the major goal of periodontal therapy, is still unobtainable. This can possibly be achieved by use of stem cells. In addition to these dental implants, interface with bone may be improved by the development of cementum on the implant surface along with re-establishment of a PDL between the newly formed cementum and the alveolar bone. This would mark a revolutionary achievement in the dental field. There is substantial evidence that dental ectomesenchymal stem cells are more promising for dentistry in future.\[[@ref38]\]Developments are taking place in such a way that they are beyond our expectation at present. Using stem cells and developing cell-based regenerative therapies for the repair of the tooth (enamel, dentin and cementum) and -tooth-supporting,- periodontal ligament is a new attractive approach. As a departure from the reliance of current clinical practice on durable materials such as amalgam, composites, and metallic alloys, biological therapies utilize mesenchymal stem cells, delivered or internally recruited to generate craniofacial structures in temporary scaffolding biomaterials. Craniofacial tissue engineering is likely to be realized in the foreseeable future and represents an opportunity that dentistry cannot afford to miss.\[[@ref39][@ref40]\]Field of dentistry and the role of dentist in the field of medicine are going to rise to new heights. Dental pulp tissue is thought to be derived from migrating neural crest cells during development. Dental ectomesenchymal stem cells, DPSCs were found to be useful in cell based therapies to treat neurological diseases and injury.\[[@ref41]\] The discovery that odontogenic tissues are a source of high quality adult stem cells has opened up a new role for dentists in the field of medicine \[[Figure 3](#F3){ref-type="fig"}\]. In the future, a dentist\'s office could become a "stem cell bank" for patients who, in later life, may require new bone, teeth or other oral tissues. Dentists are positioned to become one of the key providers of stem cells, and as a result, their linkage with the medical field will become very intimate. Dentists can be involved in the extraction, collection, and storage of the stem cells from their patients' teeth. In order for dentists to fully participate in this new role, they should become aware of the applications, clinical use, and banking of dental stem cells.\[[@ref42]\]
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CONCLUSION {#sec1-3}
==========

Developments in dental stem cell research are taking place in such a way that they are beyond our expectation at present. However, it is a long journey, there are certain milestones to be passed and need to surmount obstacles encounter in the way before the use of stem cells in a clinical setting to transform dentistry as we know it, and even revolutionize contemporary dentistry. Along with technical aspects, various other issues like social, political, ethical, and religious viewpoints need to be addressed in the scientific and clinical use of stem cells. Dental precursor cells are attractive for novel approaches to treat diseases like periodontitis, dental caries or to improve dental pulp healing and the regeneration of craniofacial bone and teeth. Further, dental stem cells can be utilized to regenerate different tissues like nerve and bone. Even though most of these modalities are still in infancy, it is evident that the 21^st^ century dentist is going to play a critical role in the field of medicine.
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